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ABSTRACT
PHYLOGENETIC, EPIGENETIC, AND BIOCHEMICAL ANALYSIS OF TESTIS-SPECIFIC SERINE KINASES
MAY 2011
LAURA M. BRASSARD, B.S., UNIVERSITY OF MASSACHUSETTS AMHERST
M.Sc., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Pablo E. Visconti

The Testis Specific Serine Kinases (Tssks) are a family of proteins that show testis and
sperm-specific expression. Members of this family are most conserved among mammals,
however there are homologs in vertebrates like birds and amphibians, chordates, and other
invertebrates like insects and cnidarians. This specific expression suggests that these kinases are
highly regulated. Analysis of murine and human Tssk1, Tssk2, and Tssk6 sequences show that
these genes are comprised of one exon each, suggesting they are retrotransposons. The
expression of these genes shows their importance, since many retrotransposons are silenced
due to the foreign nature of the DNA, and knock-out mouse models have shown that these
kinases are required for fertility. Understanding the properties of these kinases not only
expands our scientific knowledge, but also lends itself to understanding fertility issues in men as
well as being a contraceptive target. We looked at an epigenetic regulation factor, DNA
methylation at CpG dinucleotides, to see if this caused the testis-specific gene expression we
saw. Tssk2 and preliminary results from Tssk1 showed that there is no differential methylation
at CpG dinucleotides or between tissues. Preliminary results for Tssk6 did show one site that
may be differentially methylated, thus the tissue specific expression. We then started looking
further into biochemically characterizing TSSK1 and TSSK2 to determine functionally relevant
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sites and new substrates. Understanding how these kinases function in sperm is relevant in our
understanding in the fertility field and poses new targets for developing contraceptives.
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CHAPTER 1
INTRODUCTION

Sperm Development
Research on sperm began in the 1600s when a microscope was developed in
microbiologist Antonie van Leeuwenhoek’s lab that could see microorganisms. His hypothesis
that sperm were animalcules, or contained “little people,” has been since proven otherwise. It
then took 50 more years until the ovum was discovered. Then, in 1843 sperm was discovered to
enter an egg, thus fertilization was discovered. This past year, the fertility field was in the
spotlight when Robert Edwards won the 2010 Nobel Prize in Medicine for his discovery of in
vitro fertilization. Understanding how sperm function impacts the medical fields of infertility
and contraceptive development.
Sperm develop from germ cells in three stages (Figure 1). In the testis, spermatogonia
replicate by mitosis and either stay stem cell-like, or progress through two rounds of meiosis as
spermatocytes. This is supported by Leydig and Sertoli cells, also located in the testis. Primary
spermatocytes have undergone one round of meiosis, and secondary have undergone a second
round of meiosis. After meiosis, haploid spermatids are formed, which are round. They
elongate and finally develop into spermatozoa where they are shed from the testis to the
seminiferous epithelium. The spermatogonia can be found towards the basal membrane, and as
they develop into spermatozoon, progress towards the lumen of the testis. During this last
stage, the haploid spermatids form an acrosome, chromatin is condensed and reorganized, the
flagellum develops, and the head is elongated in a species-specific manor. Because
spermatozoa are transcriptionally and translationally inactive, some sperm proteins synthesized
in the haploid spermatid will stay in the mature sperm after it leaves the testis (Sharpe 1994).
1

Because of this, proteins that are synthesized during spermiogenesis may be necessary for
spermatid differentiation and/or sperm function during fertilization. While much is known
about the mechanisms of the first two phases of spermatogenesis where the spermatogonia
undergo mitotic division and then in the meiotic phase develop into haploid spermatids
(Sassone-Corsi 1997), little is known about the post-meiotic events.

The TSSKs
The Testis Specific Serine Kinases (Tssks) are a family of proteins whose first member,
Tssk1, was discovered through a PCR-based cloning strategy used to identify protein kinases
expressed in the testis (Kueng et al 1993). Due to the restrictive nature of the tissue-specific
expression, it was thought to be involved in sperm maturation or function. Several years later,
Tssk2 was discovered and noted to be in the same region as Tssk1 in mice. These two genes
showed function during the last stage of spermatid maturation through immunohistological
staining (Kueng et al. 1997). It was also found that there was a protein these two kinases
phosphorylated, later to be known as TSKS. TSSK3 was then identified as another member
showing testis-specificity (Zuecher et al. 2000; Visconti et al. 2001). TSSK6 was then identified,
known as SSTK at that point. (Hao et al. 2004). Two more members, Tssk4 and Tssk5 were
discovered and uniquely contained introns (Chen et al 2005). Currently, there is sequence data
for TSSK5 in humans, however it is unknown if it is a functional gene as in mice or a pseudogene
because it may not have the domains required to be an active kinase.
One unique feature of mouse Tssk1, Tssk2, Tssk3, and Tssk6 as well as human TSSK1,
TSSK2, and TSSK6 are the lack of introns, suggesting they are retrogenes. Retrotransposons are
intronless genes inserted into the genome through reverse transcription (Dombroski et al. 1994,
Deininger et al. 2002, Lee et al. 2010). First the DNA is transcribed into RNA where introns are
2

spliced out, and then through reverse transcription, the RNA is converted back to DNA (Figure
2). The new DNA copy is inserted into the genome in a new position. The only way these new
genes remain in the genome and are passed on to progeny occurs in germ cells. Due to the
foreign nature of this DNA, the body has taken precautions to prevent expression of these
genes. First, since the insertions are random, they may be in the middle of existing genes and
cause mutations in the endogenous genes. They also can lead to the reconstruction or deletion
of these genes. Secondly, retrotransposons inserted in the genome are usually silenced through
one of several epigenetic methods. One way is through DNA methylation, where de novo
methyltransferases silence the expression of the genes. Other ways include post-transcriptional
RNAi, histone methyltransferases, or other chromatin-remodeling proteins (Zamudio and
Bourc’his 2010; Lee et al. 2010). Considering these precautions, if a retrotransposons is
expressed, it is essential for whatever process it is involved in. Since little other than the gene is
usually inserted, retrotransposon expression requires another gene’s promoter or a promoter
region in the untranslated region close to the open reading frame (ORF) sequence inserted.
Northern blot showed that these kinases are testis specific at the RNA level and
quantitative Real-Time PCR (qRT-PCR) was used as a more sensitive approach (Kueng et al. 1997,
Visconti et al. 2001, Hao et al. 2004, Spiridinov et al. 2005, Li et al. 2010). Primers were
designed for Tssk1, 2, 3, 4, and 6 (Table 1) and validated using a recombinant clone for each.
Commercially available total mRNA was used for qRT-PCR analysis (Figure 3A). This analysis
shows that the expression of Tssks in the testis is at least 1000 times higher than in other tissues
when normalized to either actin or Gapdh. To further look into when the Tssks were expressed
during testis development, total testis mRNA from mice sacrificed at 1, 2, 3, 3.5, and 4 weeks
after birth were obtained and analyzed similarly. (Figure 3B) There was very little, if any,
expression in 1-3 week old mice compared with Gapdh and actin. These time points were used
3

because of the development of sperm. At day 0-10 (week 1) somatic cells and spermatogonia
are present. Meiosis occurs during days 10-20 (week 2), followed by early and late pachytene
spermatocytes by day 20-22 (week 3). At day 24-30 (week 3.5, week 4), haploid round
spermatids have developed. From day 35 onward (adult), elongated spermatids develop from
the haploid round spermatids. The qRT-PCR results show that expression is detected at 3.5
weeks, after meiosis has occurred, and has peak expression after 4 weeks (Li et al. 2010).
Western blot analysis has also supported this discovery (Figure 3). Populations of
spermatogenic cells including (P) pachytene spermatocytes, (R) round spermatids, (C/Rb)
condensed spermatids including residual bodies, and (Sp) whole cell protein extracts from
mature mouse sperm were used. Since Tssk3 has not been shown to be expressed at the
protein level, western blot was not done. Tssk1, Tssk2, and Tssk6 were found to be present in
whole mature mouse sperm and in the condensed spermatids. Figure 3 also shows expression
in spermatids through immunofluorescence of a testis cross-section. Tssk1, Tssk2, Tssk4, and
Tssk6 co-localize with PNA, which marks the acrosome. The acrosome forms in condensed
spermatids, which are located close to the testicular lumen. Noteworthy is that Tssk1 and Tssk4
show some fluorescence close to the basal membrane, although this may be due to crossreaction with another protein when used for immunostaining. Tssk3 did not show any protein
expression (Li et al 2010). Although mRNA is present, no protein is being translated.
The relevance of the study of Tssks can be seen in several areas. First, infertility affects
about one in seven couples worldwide (Kashir et al. 2010). Two knock-out models have been
generated that show sterility of the male mice for the Tssk6 knock-out (Spiridinov et al. 2005)
and the Tssk1/Tssk2 double knock-out (Xu et al. 2008; Shang et al. 2007). Because Tssk1 and
Tssk2 are located so close to each other, within a 3.3 kilobase (kb) region, it was easy to knock
both out simultaneously. This does not show whether both are required for fertility, or if there
4

is infertility due to just one. Second, if Tssks are required for fertility, these can be contraceptive
targets for both men and women. With the testis-specific expression of these kinases, targeted
inhibition would not affect tissues in women except if the inhibitor cross-reacted with another
protein.

5

Table 1. Quantitative Real-time PCR primers used. Primers designed for Tssk4 were considered
‘universal’ because it recognizes all three splicing variants

Primer Name
Tssk1
Tssk2
Tssk3
Tssk4
‘Universal’
Tssk6
Actin
GAPDH

Sense (5’-3’)
AAA CTT GGG AGA GGG CTC AT
CCA CGC TCC AAG AAC CTA AC
GAT GCT GGA GTC AGC AGA TG
CTG TCA AGA TCA TCT CGA AG

Antisense (5’-3’)
TGG CCA GAA TCT CAA TCT CC
GAA GGA GGC AGA AGA CAT GG
GGC AAT AGC GAA TAG CCT
GAG CCA CGT CCA AAA TGA TGT

CGC TCA AGA TCA CGG ATT TC
GAC GAT GCT CCC CGG GCT GTA
TTC
TGA AGC AGG CAT CTG AGG G

AGG CTC CAC ACG TCG TAT TT
CTT GCT CTG GGC CTC GTC ACC

6

CGA AGG TGG AAG AGT GGG AG

Figure 1. Progression of sperm development. Spermatogenesis is supported by Sertoli cells
contained within testicular seminiferous tubules. Spermatogonia (type A) continuously replicate
by mitosis. Spermatogonia (type B) then undergo mitosis followed by two rounds of meiosis to
produce spermatocytes and spermatids. Round spermatids undergo differentiation
(spermiogenesis) including remodeling of the cytoplasm to form elongated spermatids and
ultimately testicular spermatozoa.
(http://www.tutorvista.com/biology/male-reproductivedevelopment)
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Figure 2. Retrotranspositional integration into DNA. (Okamura and Naka 2008)
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Figure 3. Quantitative analysis of mouse Tssks mRNA expression in mouse tissues.
Quantitative analysis of mouse Tssks mRNA expression in mouse tissues (A) and in mouse testis
during development (B). (A) Mouse Tssk mRNA in various mouse tissues (testis, brain, heart,
whole embryo, kidney, liver, lung, muscle, ovary, spleen and thymus) was determined by realtime PCR, and relative quantities expressed using the corresponding testis Tssk as calibrator.
Shown are pooled results of three separate experiments, run in duplicate. Average expression
levels were normalized against Gapdh (black bars) or actin (grey bars) and the mean (+ SEM)
fold-change expressed relative to testis values (scaled to 1; *P, 0.001). (B) Relative expression of
mouse Tssk mRNA was determined by real-time PCR during testis development in 1-, 2-, 3-, 3.5and 4-week-old mice. Relative quantity of each testicular Tssk at different developmental stages
was obtained by calibration against the corresponding value of Tssk in 4-week-old mice (scaled
to 1). Gene expression was normalized against actin (grey bars). Shown are pooled results of
three separate experiments. Mean values in developmental stage groups indicated with
different letters (a, b and c) differ significantly (P, 0.05). (Li et al. 2010)
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Figure 4. Tssk Localization in the Testis. Analysis of Tssks in mouse testis and in purified
spermatogenic cells. Testes from adult mice were fixed, dehydrated, paraffin-embedded and cut
into 4–6 mm-thick sections. After treatment with blocking solution, tissue sections were
incubated with anti-Tssk1 (clone 4F12, 1:50), anti-Tssk2 (clone 1E12, 1:50), anti-Tssk3 (clone
6G3, 1:25), anti-Tssk6 (clone 16, 1:100) monoclonal antibodies or anti-Tssk4 (custom-made,
polyclonal antibody, 1:125). Specificity of polyclonal anti-Tssk4 was tested by pre-absorption
with Tssk4 (blocking) peptide prior to sperm treatment. Alexa 555-conjugated secondary
antibodies (1:200) were used for detection of mouse Tssks; secondary antibody solution also
contained Alexa 488-conjugated PNA (1:200) and DAPI to stain acrosomes and nuclei,
respectively. Pseudo-colored images were then merged. Images shown are representative
results of at least three independent experiments. Testicular cells populations were obtained in
linear 2–4% wt/vol gradients of BSA by the Sta-put method. Different cell types were analyzed
by DIC microscopy, and purified spermatogenic cells populations (.90% pure) pooled
accordingly, extracted in 1% SDS-containing lysis buffer, and analyzed by western blotting. P,
pachytene spermatocytes; R, round spermatids; C/Rb, condensed spermatids plus residual
bodies. Whole cell protein extracts from mature mouse sperm (Sp) were used as control. Arrows
indicate expected size of each kinase in mature sperm. The presence of a lower molecular
weight Tssk4 variant, detected in C/Rb cells, is noted by an asterisk. (Li et al. 2010)

12

CHAPTER 2
PHYLOGENETIC ANALYSIS OF TSSKS

Introduction
Phylogenetic trees have been one of the main tools used in evolutionary studies since
the time of Charles Darwin. Phylogenetics is the study of evolutionary relatedness among
various groups of organisms (Speer 1998), and is determined through molecular sequencing
data and morphological data matrices. Phylogenetic trees are diagrams that depict the lines of
evolutionary descent of the group being looked at. These groups could be comprised of species,
organisms, or genes (Pierce 2007). The ending tree is comprised of branches, showing how
related each organism, species, or gene is related.
Sequencing data has only been around for about 40 years, and has become much
cheaper and more reliable. The first gene sequenced was the Phage Φ-X174 in 1977 by Fred
Sanger (Aluru and Srinivas 2006), and since then databases have been constructed holding
sequence information of genomes for thousands of organisms (Baldi and Brunak 2001). More
sequences are added daily and different organisms’ genomes are becoming completed.
There are many different models of sequence evolution, and each can produce different
resulting trees. Based on the way a tree is aligned and what types of relationships are inferred,
the same sequences can be shown to be related differently (Harvey and Pagel 1991). Different
models include Bayesian, maximum likelihood and maximum parsimony analysis. As seen in
Figure 5, the same five TSSK genes can be shown to have different relationships. With both
trees, TSSK1 and TSSK2 are shown to be the most closely related, and TSSK4 is the most distantly
related. There is a difference in the way TSSK3 and TSSK6 are aligned, either showing they are
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more related to each other, or are sequentially evolved. When more sequences are involved,
this could mean major differences in the inference of evolutionary development.
In mice, Tssk1 and Tssk2 are located on chromosome 16 within a 3kb region. Other
mammals that have both Tssk1 and Tssk2 show similar position, usually within 10kb. Human
TSSK1 and TSSK2 are different; they are on chromosomes 5 and 22 respectively. Looking at the
position of Tssk1 and Tssk2 in most mammals, including humans, this region is syntenic.
Synteny is the physical co-localization of genetic loci on the same chromosome. Upon closer
analysis, there is a pseudogene, TSSK1A (TSSK1B is considered the functional gene, which I will
refer to as TSSK1) is located in a similar position to where it is in mice, about 3 kb upstream of
TSSK2. We hypothesize this occurred through retrotransposition because the gene contains no
introns and the “copy and paste” appearance of the two genes. We also hypothesize that
because TSSK1A was not essential, it slowly became degraded to the truncated form we now
know.
Our objectives in this chapter are to determine how conserved the Tssks are throughout
mammals and what other animal kingdoms Tssk homologs are found. There are some
invertebrates known to have homologs, however a phylogeny was not created to look at how
similar the sequences are in relation to each other. We also wanted to determine when during
mammalian evolution TSSK1 translocated to a different chromosome.

Results
A phylogenetic tree was constructed by doing a BLAST search of the top 500 genes
related genes to TSSK2 in Genbank (Figure 6). Genbank is the NIH genetic sequence database
which contains a collection of all publicly available DNA sequences. There were several gene
families that showed up in the analysis, including TSSK, SIK, SNF, and MARK families, which all
14

belong to the AMPK superfamily. We decided to cut out the genes that were more dissimilar
than the MARK family. The tree was constructed as described in the materials and methods
section. Briefly, sequences were aligned and the tree was constructed using the neighborjoining algorithm with distanced derived using the Jones-Taylor-Thornton model. The resultant
tree was loaded into FigTree to make visualization of the results easier. Because the MARK
family was a large outgroup, the branch was collapsed to make visualization of the TSSKs easier.
The tree was color-coded in two ways. First, any gene with a Tssk label was color coded, no
matter what the organism of origin was. Mammals that fell within these groups also had the
Tssk color code applied. Salt-inducible kinases (SIK), SNF-related serine/threonine-protein
kinases (SNF), and MAP/microtubule affinity-regulating kinases (MARK) were also given a color
code based on their labels. These kinases are known to be part of the same AMPK family the
TSSKs are. After that, any gene that was a plant gene, insect gene, or other (composed of
lancelets, tunicates, sea urchin, sea anemone, hydrozoa, fish, nematodes, and amphibians) were
given color codes.
The resulting tree shows that the Tssks are relatively conserved, and there are groups of
vertebrates and invertebrates that have similar genes. Table 3 shows the breakdown of the
different groups of animals and plants compiled in this tree. Upon closer look, the insects and
“other” make up two different groups that show similarities with Tssk1/Tssk2 and Tssk4. The
insects form a separate, but related branch, and the “other” group forms the outliers, as
expected due to evolutionary development of the species. The cutoff for the Tssk family was
made between the major branch of the SIK/SNF group and the Tssks, as indicated with the light
blue line. When Tssk1 was initially identified, the closest related gene was SNF1 (Bielke et al.
1993). The plant group of proteins is closer related to the SIK/SNF proteins than Tssks.
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Similar to the tree in Figure 5A, Tssk1 and Tssk2 show closely related groups, especially
within mammals, which tend to have the Tssk genes named appropriately. As the organisms
became more distant from mammals, there was less homology between the Tssks. Using this
method of alignment, Tssk3 and Tssk6 show closer relation to each other, as opposed to other
trees (Shang et. al) which use different alignment parameters and show that Tssk6 is more
closely related to Tssk1/Tssk2 than Tssk3. Tssk5 is the outlier of the Tssk groups. One possibility
for this is that Tssk5 is not an essential gene, and has become degraded enough to be a
pseudogene.
It is interesting to note that each Tssk gene form groups with little misnomenclature.
The only overlap occurs in lower vertebrates with Tssk1 and Tssk2, which are very closely
related genes. When looking at the protein sequence of Tssk1 and Tssk2 in humans and mice,
there is over 90% homology and most of the differences occur at the the C-terminal end .
The gene jumping/retrotransposition event has occurred fairly recently in evolution, and
so far can only be documented in primates. A BLAST search of the TSSK1A pseudogene, at the
DNA level, shows that this pseudogene only appears in humans, Chimps, and Macaques. This
TSSK1A is considered to be the degenerated gene remnant located next to human TSSK2. After
this, the closest related gene is the TSSK1B gene, and other functional Tssk1 genes. Part of the
reason for this is because other primates’ genomes have not been completely sequenced.
Pseudogenes would be one of the last parts of the genome discovered. Some mammals do not
have both Tssk1 and Tssk2; just one or the other. These mammals are more distantly related to
humans and mice, which suggest this event happened more recently in evolution.
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Discussion and Future Directions
It was previously shown that Drosophila, Ciona intestinalis, and Caenorhabditis elegans
have Tssk genes present in germline cells, and shown through in situ hybridization and
expressed sequence tags (ESTs) (Sosnik 2010). This tree shows many other groups of both
vertebrates and invertebrates have genes homologous to Tssks. A closer analysis of some of
these genes, show testis-specific expression through ESTs, but a further and more detailed
analysis needs to be done.
The evolution of the Tssks can be used to track mammalian-specific features during the
course of evolution (Kaneko-Ishini and Ishino 2010). Despite homologs being present in nonmammals, many of the sequences have been transformed to a gene with several introns to
retrotransposon-like genes that do not contain introns. More specifically, we can look at the
translocation of TSSK1 in some primates and determine when the retrotranspositional event
occurred.
A more complete tree can be configured when more genomes are fully sequenced. This
will not only allow more sequences to be included, but there can be a closer look at the “gene
jumping” event. Further parsing of gene isoforms and a single genus can make the tree more
complete. Although the branch of insect Tssks looks large, many of them are different species
of Drosophila.
These sequences can also be looked at on several other levels. Regions that are
conserved can be determined, which are usually a result of functional or structural necessity of
the gene. Through other bioinformatic software, promoters regions can be identified too.
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Materials and Methods
Phylogenetic Analysis: Sequence Alignment and Tree Configuration
To generate the phylogenetic tree, a protein BLAST search against GenBank was done to
find the most related proteins to hTSSK2. Any of the Tssk proteins could have been used,
especially since a large selection of proteins was involved in this tree. For the BLAST search,
parameters were changed to allow for the top 500 proteins similar to TSSK2’s sequence in the
non-redundant protein sequence database. All other parameters used were default
parameters. Sequences were extracted and sequence names were parsed out using Perl scripts.
Proteins after the main MARK kinase group were parsed out, leaving just over 250 kinases.
The sequences were then aligned using ClustalX2, then an evolutionary tree was
constructed using Phylip do determine phylogeny. Several programs in the Phylip program were
used to generate the tree. First, Protdist was used to generate a distance matrix based on the
Jones-Taylor-Thorton model of sequence evolution. Next, Neighbor was used to generate a
neighbor joining tree from the distance matrix. Seqboot was then used to generate bootstrap
values for the tree. Bootstrapping is a common method used to determine how “good” the
inferred tree is by generating resampled datasets. It’s an assessment of the confidence for each
clade of a tree (Efron, Halloran et al. 1996). The files were then run in Protdist, which creates a
distance measure for protein sequences using a variation of maximum likelihood estimates.
Then Neighbor was used as another distance matrix method to produce an unrooted tree using
the neighbor joining method. Finally, the files were run through the Consense program to
create a phylogenetic tree. FigTree was used to view and make final edits of the tree.
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Table 2. Distribution of genes most related to Tssks.
Homo sapiens (man)
Gorilla gorilla (Gorilla)
Pan troglodytes (Chimp)
Macaca mulatta (rhesus macaque)
Macaca fascicularis (cynomolgus monkey)
Hylobates lar (white-handed gibbon)
Canis lupis familiaris (dog)
Sus scrofa (wild boar)
Rattus norvegicus (brown rat)
Mus musculus (mouse)
Equus caballus (equine)
Ailuropoda melanoleuca (giant panda)
Oryctolagus cuniculus (domestic rabbit)
Pongo pygmaeus (orangutan)
Bos Taurus (cow)
Taeniopygia guttata (zebra finch)
Branchiostoma floridae
Saccoglossus kowalevskii
Ciona intestinalis
Strongylocentrotus purpuratus (purple urchin)
Nematostella vactensis
Acyrthosiphon pisum
Pediculus humanus corporis (human body lice)
Hydra magnipapillata
Tribolium castaneum (rust-red flour beetle)
Gallus gallus (bantam/chicken)
Drosophila
Apis mellifera (bee)
Culex quinquefasciatus
Nasonia vitripennis
Danio rerio (zebra fish)
Brugia malayi
Aedes aegypti
Anopheles gambiae
Nicotiana tabacum (tobacco)
Solanum tuberosum (potato)
Caenorhabditis briggsae
Arabidopsis thaliana
Nicotiana attenuate
Glycine max (soybean)
Caenorhabditis elegans
Naegleria gruberi
Ixodes scapularis (deer tick)
Solanum lycopersicum (tomato)
Populus trichocarpa (black cottonwood)
Xenopus laevis
Sorghum bicolor (milo)
Malus hupehensis
Micromonas pusilla
Zea mays (maize)

47
1
9
5
1
1
27
2
23
47
8
4
4
6
8
4
8
5
5
8
10
4
14
5
7
5
34
3
10
2
7
2
6
2
1
1
2
14
1
1
3
1
2
1
2
4
2
1
1
1
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Primate
Primate
Primate
Primate
Primate
Primate
Carnivore
Even-toed ungulate
Rodent
Rodent
Odd-toed ungulate
Carnivore
Rabbits and hares
Primate
Even-toed ungulate
Birds
Lancelets
Hemichordate
Tunicate
Sea urchin
Sea anemone
Aphid
Lice
Hydrozoans
Beetles
Birds
Flies
Bees
Flies
Wasps
Bony fish
Nematodes
Flies
Flies
Eudicots
Eudicots
Nematodes
Eudicots
Eudicots
Eudicots
Nematodes
Eukaryote
Mites and ticks
Eudicots
Eudicots
Frogs and toads
Monocots
Eudicots
Green algae
monocots

A

B

Figure 5. Two trees showing evolutionary relationships between human TSSKs. Figure 5A
shows a tree configured using the neighbor joining algorithm and the Jones-Taylor-Thorton
model of distance. Figure 5B shows the same genes in a tree generated by using different
alignment parameters.
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Figure 6. Phylogenetic tree of genes closest related to the Tssks in Genbank.
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CHAPTER 3
EPIGENETIC ANALYSIS OF TSSKS

Introduction
Epigenetic modifications are heritable changes in phenotype or gene expression caused
by mechanisms other than changes in the DNA sequence (Trasler 2009). These modifications
are thought to be the cassette player and the DNA is the tape carrying information. Epigenetic
modifications affect the way the DNA is expressed and include histone modification, chromatin
remodeling, small non-coding RNAs, and DNA methylation. Different areas that epigenetic
modifications are found include development, evolution, imprinting, X-inactivation, suppression
of repetitive elements, variegation and variable expressivity, cancer, and disease (Mager and
Bartolomei 2005).
DNA methylation is thought to work in one of two ways. The more accepted theory is
that the methyl group physically interferes with transcription binding factors that activate
transcription. The methyl group could also attract certain proteins, which have repressive
binding properties. On the contrary, the methyl group could also attract transcription binding
factors (Allis et al. 2009).
DNA methylation occurs when a methyl group is added to the fifth carbon of the
pyrimidine ring of a cytosine, creating a 5-methylcytosine. In mammals, methylation usually
occurs when there is a cytosine followed by a guanine, or at a CpG dinucleotide. The “p” refers
to the phosphodiester bond that connects the two nucleotides (Allis et al. 2009). In embryonic
stem cells, methylation has been found at CpA, CpT, and CpC dinucleotides as well (Farthing et
al. 2008). CpG dinucleotides are underrepresented in the mammalian genome due to
deamination, which mutates the cytosine into a uracil (or thymine). Although there are proteins
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that repair these mutations, many escape and remain mutated. These changes are only
heritable if they occur in germline cells. Most CpG dinucleotides (60-80%) found in the genome
are methylated, and do not allow for gene expression. Many of these occur in transposons or
repeat fragments.
There are areas in the genome where areas of 300-3000 bases contain a high
concentration of CpG dinucleotides (40-60%), called CpG islands. Unlike sporadic CpG
dinucleotides, CpG islands tend to be unmethylated. Many CpG islands are found in the 5’
untranslated region (UTR) of genes and around the transcription start sites.
Changes in the methylation of CpG dinucleotides can be seen in tissue-specific
expression (Mager and Bartolomei 2005; Oakes et al 2007; Song et al. 2005; Farthing et al. 2008;
Weber et al. 2007; Zamudio and Bourc’his 2010). The testis is one tissue that tends to shows
differential methylation compared with most somatic tissues. Differential methylation is seen
about eight times more in the testis, and sperm. Because the testis shows similar methylation
patterns as immature and mature sperm, it is consistent with the fact that adult testis is
composed mostly of mature germ cells. Most of the differential methylation occurs at CpG
dinucleotides in various regions of sequence, regardless of if a gene is present. Only about 20%
of testis-specific differential methylation is seen in the 5’ UTR of high-CpG islands, and it is
usually in imprinted genes. However, “testis-specific differentially methylated loci are generally
not found in typical promoter regions, hypomethylation of loci found in or near genes could be
related to increased gene activity,” according to Oakes et al. (2007).
DNA methylation influences a wide range of developmental processes, particularly in
development (Mager and Bartolomei 2005). Methylation status is transferrable from parent to
offspring, but does not physically change the underlying DNA sequence. The methyl group can
be added and removed, thus activating and deactivating different genes involved during
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development. DNA methylation maintenance is maintained through DNA methyltransferases,
which have different roles in different in the cell. Some are involved in maintenance
methylation, where as others are involved in denovo methylation.
During development, there are several waves of genome-wide demethylation (Mager
and Bartolomei 2005; Farthing et al. 2008; Zamudio and Bourc’his 2010; Hales et al. 2011). Just
after fertilization, there is one wave where the majority of methyl groups are lost from the DNA.
DNA methyltransferase activity is lost and there may be demethylating enzymes as well. Later
in development, de novo DNA methyltransferases and DNA binding proteins work to modify
unmethylated CpG dinucleotides.
Methylation patterns in CpG islands show a tendency towards hypomethylation, or CpG
dinucleotides in these areas are not methylated. There are two types of CpG islands, based on
the percentage of CpG dinucleotides in the area which include high-CpG promoters (HCPs) and
intermediate-CpG promoters (ICPs) (Shen et al. 2007; Previti et al. 2008). The HCPs contain a
richer population of CpG dinucleotides in the region, and is considered a truer definition of a
CpG island. According to NCBI, this strict CpG island is at least 500 base pairs in length with 50%
or higher GC content, and a value of 0.6 or higher of observed CpG / expected CpG. In
comparison, the relaxed, or weak, definition of intermediate CpG content (ICP) is a smaller
region, at least 200 base pairs in length, with the same parameters of CG content and ratio of
observed versus expected CpGs. Looking more into these two definitions of CpG islands, it has
been found that HCPs follow the trend of being unmethylated, whereas ICPs show a high
frequency of methylation. There is also a third group, low-CpG promoters which are not
considered a CpG island. These tend to be methylated. Tssk1 and Tssk2 fall into the ICP group
of CpG islands, while Tssk6 has a much higher CpG content and falls under the HCP category.
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Despite the fact that Tssk1 and Tssk2 are located next to each other within three kilobases of
each other, there is a break between the CpG islands of each gene.
There are several different ways of looking at CpG methylation. These methods include
sodium bisulfite mutagenesis and sequencing, sequence-specific enzyme digestion, methylated
DNA immunoprecipitation, using methylated DNA-binding proteins, and sequence-specific PCR
after bisulfite mutagenesis. Because we wanted to look at CpG methylation at the nucleotide
level of the entire CpG island, we chose sodium bisulfite mutagenesis (or conversion) followed
by sequencing. The other methods do not give resolution at the nucleotide level, or is not a
good way at looking at a large group of CpG dinucleotides, as in a CpG island (Young 2010).
Sodium bisulfite conversion involves taking genomic DNA and mutating unmethylated
cytosines through hydrolytic deamination to generate uracil-sulfonate, which is a thymine in
DNA sequence (Figure 7). If a methyl group is present, the mutagenesis cannot occur because it
interferes with access of the sodium bisulfite to the ring. Through PCR amplification and
sequencing, we can determine if a CpG dinucleotide is methylated. It is considered
unmethylated if the cytosine is mutated to a thymine, and methylated if it remains a cytosine.
Our objective is to determine if methylation is a reason for the tissue specific expression
of Tssk1, Tssk2, and Tssk6. We hypothesize that when several tissue samples are analyzed,
sperm will show hypomethylation and tissues other than the testis will show hypomethylation.
Testis could show one of two profiles; either hemi-methylation or hypomethylation. Because
there are many types of cells in the testis, we believe there may be a mix of methylated and
unmethylated strands of DNA, corresponding with somatic and germ cells.
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Results
To determine the methylation status of CpG dinucleotides, genomic DNA was treated
with sodium bisulfite, which mutates unmethylated cytosines into uracil. PCR was used to
amplify the gene for sequencing. Primers were designed to cover the 5’ and 3’ UTR, as well as
the ORF (Table 3). Because the promoters for these genes are unknown, we included 500-1000
bases upstream and downstream in the UTR areas. Due to the nature of retrotransposons
insertion in the genome, it is unlikely that an area much larger than 500-1000 bases
up/downstream would contain a promoter, unless it uses another gene’s promoter.
Sequencing allows us to look at each CpG dinucleotide in a large area and determine if it
is methylated or not. This is represented by rows and columns of circles. Each column
represents one CpG dinucleotide in the sequence and each row represents one strand of DNA.
Closed circles represent a methylated cytosine, whereas an open one represents an
unmethylated CpG.
The 5’ UTR was analyzed for both Tssk1 and Tssk2, and it was found that each one
showed hypermethylation, or almost all the CpG dinucleotides were methylated. The 5’ UTR for
Tssk1 included about 1300 bases upstream of the ORF, and about 750 bases were included for
Tssk2. Tssk2 showed fewer CpG dinucleotides in the upstream region than Tssk1. Further
sequence analysis of Tssk2 showed that the ORF remains hypermethylated as well. There was
no differential methylation between tissues.
Tssk6 showed a much different profile of methylation. A region of about 1kb upstream
of the start codon was sequenced for the 5’ UTR, along with about 500 bases of the 3’ UTR.
Both the 5’ and 3’ UTR showed hypomethylation, and the beginning of the ORF also showed
hypomethylation. Interestingly, there is a CpG dinucleotide that may be differentially
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methylated. The CpG just before the ORF begins shows some hemi-methylation. Further
sequencing of the tissues and sperm is needed to make any conclusions.

Discussion and Future Directions
Tssks show testis-specific expression both at the RNA and protein level in mice and
humans (Hao et al. 2004, Li et al. 2010). One way this could be accomplished is through tissuespecific methylation. If this were to be the reason for differential gene expression, we would
expect tissues such as the kidney and skin would show hypermethylation, especially at the 5’
UTR, and hypomethylation in the sperm. Since the testis contains many different cell types, we
would expect a mix of hyper- and hypomethylated DNA strands, but the methylation would be
consistent in each strand.
The results show two different methylation profiles for Tssk1 and Tssk2 versus Tssk6.
This is possibly due to density of the CpG dinucleotides in the CpG islands. Because Tssk6 has a
much denser area of CpG dinucleotides and falls under the HCP category, it may be why
hypomethylation occurs throughout the CpG island from the 5’ UTR through the 3’ UTR. Weber
et al. (2007) show that Tssk6 (SSTK) falls under the HCP class, whereas Tssk2 (STK22b) falls under
the ICP class. This ICP class shows tendency towards hypermethylated promoters, similar with
CpG dinucleotides not in CpG islands. Contrary to our hypothesis, there was no differential
methylation between tissues for each Tssk analyzed, thus it suggests methylation does not play
a role in Tssk gene expression.
Interestingly, the hypermethylation of Tssk1 and Tssk2 does not reflect transcription.
Methylation tends to be associated with repression of transcription, yet we know that Tssk1 and
Tssk2 are active and, furthermore expressed, in the testis and sperm. In mice, these two genes
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are located close to each other and may even share a promoter. If we expand our search to
include a definitive promoter, we may find differential methylation.
Tssk6 may show differential methylation at one CpG dinucleotide, however the general
hypomethylation pattern of the CpG island is consistent with CpG island methylation. If this site
proves to show some methylation with surrounding CpGs remaining hypomethylated, this could
be affecting the testis-specific expression. It is know that some promoter areas, like half-CRE
and half-C/EBP alpha binding sites for the transcription factor C/EBPα, require methylation at
the CRE CpG to activate tissue-specific genes (Rishi et al. 2010).
Since DNA methylation does not show to be a regulator of gene expression, another
means of regulation could be due to histone modifications. CpG-rich promoters that are
hypomethylated, thus protected from DNA methylation, are associated with elevated levels of
Lys4 of histone H3 (H3K4). This is considered a mark of transcriptoinally active chromatin. In
humans, there are about 1500 genes that initiate transcription from retrotransposons-derived
promoter sequences. These promoters are significantly enriched for active histone
modifications and depleted for repressive modifications (Weber et al. 2007). Active histone
modifications peak at the transcription start site and are positively correlated with increasing
gene expression in vitro. If Tssk1, Tssk2, and Tssk6 do have their own promoters associated with
them and are near the transcriptional start site, this is further evidence we may need to look at
DNA packaging.
Future directions include fully sequencing Tssk1 and Tssk6 in both sperm and testis
along with other tissues like kidney or skin. Although Tssk2 did not show any differentially
methylated sites, Tssk1 or Tssk6 could show one or two sites of differentially methylated CpGs,
which could be the reason for the testis-specific expression. Alternatively, other epigenetic
modifications can be looked at like histone modification, especially in the case of Tssk6. Once
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promoters are defined for these genes, similar analysis could be done if they are outside of the
region initially screened.

Materials and Methods
Bisulfite Mutagenesis Analysis
To isolate DNA, two male mice were sacrificed and sperm, testis, kidney, and skin were
harvested. For tissue DNA extraction, the tissues were washed in PBS. They were then frozen in
liquid nitrogen and pulverized. 1mL of digestion buffer was then used per 100g of tissue.
Digestion buffer was composed of 100mM of NaCl, 10 mM Tris-Cl (pH8), 25mM EDTA (pH8), .5%
SDS, and .1mg/ml proteinase K. For sperm extraction, the cauda epididymis was extracted and
was squeezed in PBS. The epididymis was removed and the sperm was pelleted. 1 ml of
digestion buffer was used per male. Tubes were capped and sealed and shook for 12-18hr at
50°C. DNA was extracted using phenol/chloroform/isoamyl alcohol extraction added at a
25:24:1 ratio. Samples were spun down so the top layer containing DNA could be extracted.
70% ethanol and 1mg/ml RNase-A was added. Samples were incubated at 37°C for one hour,
and another phenol/chloroform/isoamyl alcohol extraction was done. Pellets were then dried
and resuspended in TE. Sodium Bisulfite conversion was performed using the EZ DNA
Methylation Kit (Zymo Research Corporation).
PCR was then used to amplify Tssk1, Tssk2, and Tssk6. Primers were designed to amplify
small regions of each gene including the open reading frame (ORF), and parts of the 5’ and 3’
regions (Table 3). Primers were designed to not overlap any CpG dinucleotide. The PCR
products were gel-extracted using the Qiagen Gel Extraction Kit and cloned using the TOPO TA
Cloning Kit (Invitrogen). Plasmid DNA was extracted using the GenElute™ Five-Minute Miniprep
Kit (Sigma-Aldrich). Sequencing was performed by GENEWIZ. Methylation status of each CpG
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site was determined through alignment. The site was considered methylated if the cytosine
remained a cytosine, and considered unmethylated if it was mutated to a thymine.
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Table 3. Bisulfite converted DNA primers for mTssk1, mTssk2, and mTssk6. Tssk1 and Tssk2
primers were designed for the sense strand only. Primers were designed for sense and
antisense strands for mTssk6, with the antisense strand ending in “a.” Primer areas covered
include the ORF as well as 500-1000 bases of the 5’ and 3’ UTR. Due to the nature of bisulfite
mutagenesis converting unmethylated cytosines to thymines, we expect to see any cytosines
not in CpG dinucleotides mutated into thymine. The opposite strand would not account for this
mutation, thus the two strands would have different sequences (see Figure 7). Primers were
designed not to cover CpG dinucleotides. Because of this, different primers can be designed to
amplify both the sense and antisense strands.
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mTssk1 Primers
Tssk1_blackF1
Tssk1_purpleR2
Tssk1_purpleF3
Tssk1_blueR4
Tssk1_blueF5
Tssk1_tealR6
Tssk1_tealF7
Tssk1_redR8

GGGTTAGGAGATAAAGAATTTG
CAATTCCCTAAAATAATAACAAACTCC
GGAGTTTGTTATTATTTTAGGGAATTG
CCAAACCTACTATCCCTACCTCC
GGAGGTAGGGATAGTAGGTTTGG
CCAAACTCCAAATATCATACACC
GGTGTATGATATTTGGAGTTTGG
GGTTAGTAGGGAATGAGGTAGAGTTT

mTssk2 primers
TSSK2_yellowF1
TSSK2_greenR2
TSSK2_greenF3
TSSK2_redR4
TSSK2_redF5
TSSK2_ltblue R6
TSSK2_ltblueF7
TSSK2_dkblueR8

TGGATTGATTGGATTTGGGT
CTCTACATCCCCTCCCCAC
GTGGGGAGGGGATGTAGAG
CCACATCCTCATACAAAACTCC
GGAGTTTTGTATGAGGATGTGG
CCAAACTCCAAATATCATACACC
GGTGTATGATATTTGGAGTTTGG
CCTTACACCTATACCTTC

mTSSK6 primers:
LB_Tssk6Prom_F1
LB_Tssk6Prom_R1
LB_Tssk6Prom_F2
LB_Tssk6Prom_R3
LB_Tssk6Prom_F4
LB_Tssk6Prom_F6
LB_Tssk6Prom_R6
LB_Tssk6 F7
LB_Tssk6 R7
mTSSK6F9s
mTSSK6R10s

Sense strand

GGTTTTAGGTAGGGAGTAATTGTGG
CTACCCACTAATATAAAACAAAAC
GTGGAAGTTAGTTGGAAATTAGG
CCCACTAATATAAAACAAAACAAATC
GATTTGTTTTGTTTTATATTAGTGGG
GTTATTTGAGGTGTTTTTGGG
CCCTACTCAATAACAAAATTCCAC
GAAGTGTGTAATGGGAAGTTG
CAACTTCCCATTACACACTTC
GAGGTTTGTTGTTGGGTTTTG
CTATTCCAACCAACAAACAATCC
Antisense strand

mTSSK6F1a
mTSSK6R2a
mTSSK6F3a
mTSSK6R4a
mTSSK6F5a
mTSSK6R6a
mTSSK6F7a
mTSSK6R8a

GTTTTGGTTTTGTGTTTGGTG
ACTACCCAAACCTAAACACCAC
GTGGTGTTTAGGTTTGGGTAGT
TACCAAACACCATAAATTAAACCC
GGGTTTAATTTATGGTGTTTGGTA
TTCCACATCAATAAACAATCTCCT
AGGAGATTGTTTATTGATGTGGAA
CCCTCCTCCCTCTAACCCTA
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Figure 7. Bisulfite mutagenesis occurs through unmethylated cytosine mutating to a uracil
through deamination. After PCR amplification and sequencing, we can determine the
methylation status of each CpG dinucleotide.
(http://pubs.acs.org/cen_img/87/i37/8737coverstory_mapping.gif)
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B

Figure 8. Methylation profile of mTssk1 and mTSSK2. The methylation status of nucleotides in
A) mTssk1 5’UTR and B) mTssk2 in the 5’UTR and ORF. Bisulfite treated DNA had regions of
Tssk1 and Tssk2 amplified by PCR and sequenced to determine the methylation of CpG
dinucleotides. Each row is a single strand of DNA and each column represents a CpG
dinucleotide in sequence. Methylated cytosines are represented as a closed circle, and
unmethylated cytosines are represented by open circles.
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Figure 9. Bisulfite analysis of CpG dinucleotides in mTssk6 5’ UTR, ORF, and 3’UTR. Bisulfite
treated DNA was subjected to PCR and sequenced to determine the methylation of CpG
dinucleotides. Each row is a single strand of DNA and each column represents a CpG
dinucleotide in sequence. Methylated cytosines are represented as a closed circle, and
unmethylated cytosines are represented by open circles.
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CHAPTER 4
BIOCHEMICAL ANALYSIS

Introduction
Protein phosphorylation is one of the most common post-translational protein
modifications known in cellular processes. It is a fundamental mechanism for controlling cellular
processes and occurs when kinases transfer a phosphate group from a donor, usually a high
energy molecule like ATP, to a substrate. In humans, only a small percent of encoded genes are
kinases, however few have been found to be testis or sperm-specific.
Our goal is to better understand the biochemical characteristics of this family and to
determine how these kinases factor into cell processes. Recombinant proteins have been used
to determine some substrates of Tssks, and it was concurrently determined that some
members, like Tssk1 (Jaleel et al. 2005), Tssk2 (Scorilas et al 2001; Hao et al. 2004), and Tssk3
(Bucko-Justyna et al. 2005) can undergo autophosphorylation. There are few physiologically
relevant substrates for Tssks. TSSK2 has been found to phosphorylate SPAG16L (Zhang et al
2008), a protein required for flagellar motility. Other, less physiologically relevant, substrates
found include the AMARA peptide and myelin basic protein (MBP).
Previous work done in our lab showed that the best model for an expression system was
through transfection of 293T cells. In this preliminary work, Tssk6 was initially used and
expression was looked at in bacteria, but was unable to be detected in, possibly due to lack of
post-translational modifications. Tssk6 was then subcloned into a mammalian vector, pCS2+MT
so it could be used in transfections of mammalian cells. Cos7 cells, from monkey kidney origin
and NIH-3T3, from mouse fibroblasts, were used initially. These cell lines made it difficult to
extract Tssk6 due to problems of solubility. Then 293T cells, from a human cell line, were
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chosen. It was found that Tssk6 was soluble and extracts could be easily obtained. This is the
method we decided to use to produce Tssk1 and Tssk2 for kinase assays. We used a
commercially available TSSK1 and TSSK2. The pEntry, or pCMV6 plasmid, contains cDNA copies
of each gene and both a Myc and DDK (FLAG) tag on the C-terminal end for detection (Figure 10,
Figure 11A).

TSSK1 and TSSK2 Expression In vitro
We decided to use kinase assays to start looking at the function of TSSK1 and TSSK2.
Figure 11 shows how kinase assays work. A kinase, in our case TSSK1 or TSSK2, radio-labeled
ATP (32P), and a substrate are needed. We chose to start using MBP, as it has been used
previously in our lab in determining kinase activity of recombinant proteins. If the kinase is
active and can phosphorylate the substrate, the radio-labeled 32P will be transferred from ATP to
the substrate. It is also possible that the kinase can auto-phosphorylate, at either one or several
locations. After running SDS-PAGE to separate proteins, we can expose it to film and using the
autoradiography, we can determine if there is signal caused by the 32P. The substrate can be
determined based on the size of the band. If there is no phosphorylation, nothing will be
detected on the autoradiography.
First, we needed to determine if the 293T expression system worked for our TSSK1- and
TSSK2-pCMV6 constructs. Figure 12 shows that we can express both TSSK1 and TSSK2 in vitro
using 293T protein lysates, and it can be detected using three different antibodies. In this
figure, anti-FLAG is shown. The other two antibodies include anti-TSSK1/anti-TSSK2 and antiMyc. TSSK1 shows up as being slightly bigger than TSSK2, as expected. The expected size
difference between TSSK1-pCMV6 and TSSK2-pCMV6 is 0.3 kDa. The empty vector in this
experiment does not contain a FLAG tag, and thus is not detected on the western blot.
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In order to perform kinase assays, TSSK1 and TSSK2 need to be concentrated. This can be
accomplished through immunoprecipitation (IP), which not only concentrates proteins but also
creates a cleaner extract. Figure 13 shows a western blot using anti-TSSK1, showing that TSSK1
can be immunoprecipitated. There is a band around 41 kDa that corresponds with TSSK1. The
lower bands of the IP lanes are IgG. The same can be seen with TSSK2 IP using anti-TSSK2
antibody (Figure 14).

TSSK Mutagenesis
Some headway has been made in attempting to understand the biochemical
characteristics of TSSKs. Sequence homologies between the TSSKs and other kinases were used
to determine areas that could help determine functionality of these genes. Two areas of
interest include an amino acid that is necessary for the structure of the ATP binding site at K41
(Fry et al. 1986; Walker et al 1982) and an inhibitor binding site at M90 to generate a “kinase
dead” mutant similar to that used with PKA (Morgan et al. 2008; Niswender et al 2002; Schauble
et al 2007). These sites can be seen in Figure 11. The ATP binding pocket is held together by
lysine 41, which is critical for kinase activity. Finally, a “kinase dead” mutant could be generated
through mutating methionine 90 to the small amino acids alanine or glycine. This mutation in
PKA allows the synthetic inhibitor NM-PP1 to bind and inhibit the mutant, while having no effect
on the wild-type protein.
A mutant library was constructed using primers in Table 4, but most have not tested for
activity yet. Only the TSSK2 kinase dead mutant has been tested in the cell line to determine
expression and detection. Figure 14 shows that this mutated form of TSSK2 can be expressed in
293T cells and immunoprecipitated from protein lysates.
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Kinase Assays
A kinase assays were performed using TSSK1-pCMV6 to determine biochemical
characteristics of TSSK1 as described in the materials and methods section. After
immunoprecipitation, kinase assay buffer was added either with or without the substrate MBP
to the samples. Recombinant TSSK1 (His-rTSSK1) was used as a positive control. The reaction
started when 32P ATP was added. These samples, along with input samples from the IP, were
separated by SDS-PAGE and transferred to PVDF membranes for further analysis. First the
membranes were exposed to radiographic film for autoradiography, and then were used for
western blot analysis.
Figure 16 shows TSSK1 kinase activity. The top part shows the autoradiography of the
assay, followed by western blot in the lower two areas. The first lane shows our positive control
of the recombinant TSSK1. The next two lanes contain input from the IP of both the TSSK1pCMV6 and our empty vector control. The last three lanes are of our TSSK1 construct with and
without MBP, as well as the empty vector. The autoradiography shows that the empty vector
does not phosphorylate MBP nor undergoes autophosphorylation. The lane of just our TSSK1
construct without MBP added shows higher autophosphorylation than when MBP is added,
however there is an unknown band that shows up (*), which may be due to differentially
phosphorylated TSSK1 or degradation of TSSK1 occurring. Our TSSK1 band is higher than the
40kDa expected, which may be due to phosphorylation or TSSK1 forming a complex with one or
several other molecules. A band just below 20kDa shows up, concurrent with the size of MBP.
This section of western blot with anti-FLAG shows the presence of TSSK1, but not our empty
vector. This is because the empty vector is of a lower molecular weight and not seen on this
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section of the gel. The IgG light chain was shown for loading controls of the
immunoprecipitation.

Discussion and Future Directions
Interestingly, the bands corresponding to TSSK1 appear to be two different sizes, most
notably seen in Fig13 where there is a shift size from the input to the IP. We believe that this is
because the IP has a long incubation time in which TSSK1 can auto-phosphorylate, or other
factors in the cell lysate are able to phosphorylate TSSK1. It is also possible it forms a complex
with other molecules, thus the shift in size. Two further experiments that could provide insight
into why this occurs. One way would be to use phosphatase and protease inhibitors, as is done
with the kinase assays. The other way is by using similar incubation times for input and IP
samples. Currently, input samples are stored at -20°C while the IP is occurring. If there is a shift
in the band size from the lower band to the upper band, we can assume that TSSK1 is
phosphorylated. If these results are inconclusive, then we can start looking at what could be
forming a complex with TSSK1.
With the generation of mutant TSSK1 and TSSK2, the next steps are to test them in vitro
using the kinase assay. There is also another conserved area, in the T-loop, where it has been
shown that TSSK3 can autophosphorylate (Bucko-Justya et al. 2005), that can be further
analyzed. We can also try to determine upstream regulators and substrates.

Materials and Methods
Mammalian cell culture and transfection
293T cells, from a human cell line, were maintained in RPMI supplemented with 10%
FBS, 1% each of L-glutamine, sodium pyruvate, and penicillin/streptomycin. Original plasmid
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constructs were obtained from Origene (TSSK1-pCMV6 and TSSK2-pCMV6). Cells were plated in
100mm dishes, and were transiently transfected with 6ug of plasmid using FugeneHD (Roche),
as directed by the manufacturer. Cells were harvested for either direct analysis by SDS-Page
and western blot or immunoprecipitation.
Protein extraction of 293T cells
Whole protein extracts of 293T cells were obtained through RIPA extraction. Cells were
scraped from 100mm dishes and pelleted at 3000 RPM for 5 minutes at 4°C. The pellet was
resuspended in 1mL PBS, transferred to a 1.5 ml Eppendorf tube, and pelleted again at 3000
RPM for 5 minutes at 4°C. RIPA buffer with a 1x protease cocktail (Roche) was added to cell
pellets and then sheared using a 22g needle. Extracts used for kinase assays also had additional
inhibitors including 10mM NaF, 1mM NaVanadate, 2mM EGTA, and 50mM β-glycerophosphate
added to the RIPA buffer. Suspensions were incubated on ice for 30 minutes and subsequently
centrifuged for 5 minutes at 10k RPM to obtain the protein supernatant.
Immunoprecipitation
From the protein extraction of 293T cells, 90% of the supernatant was used for
immunoprecipitation. PBS was added to make a total volume of 500μl. Antibody was added (αDDT, α-Tssk1, or α-Tssk2) and samples were incubated end-over-end for 1 hour at 4°C. 50μl of a
50% slurry of pre-washed protein G, protein A, or an equal mix of both was added and
incubated similarly. The beads were precipitated by a short spin. Beads were washed twice
using 1% triton in PBS and twice using PBS. If the samples were not subsequently used for a
kinase assay, 2X sample buffer was added. Samples were then vortexed, boiled for 5 minutes,
and spun down so the supernatant could be extracted.
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SDS-PAGE and Western analysis
Samples were loaded and run on a 10% SDS-PAGE gel, and transferred to a PVDF
membrane. The membrane was then blocked with milk and probed with α-TSSK, α-myc, or αFLAG (DDK) antibody. Membranes were developed with ECL and exposed for 30s – 10 min.
Site-directed mutagenesis
Site-directed mutagenesis was performed by PCR using primers spanning 15 bases
upstream and downstream of the targeted base(s). Pfu polymerase was used to amplify purified
plasmid template of either TSSK1 or TSSK2 for 20 cycles. The PCR program used was an initial
denaturing cycle of 94°C for 45s followed by 20 cycles of 94°C for 45s, 55-58°C for 45s, and 68°C
for 10min. There was a final extension for 10min at 68°C. The PCR product was then digested
with DpnI for one hour at 37°C. 5μl was used to transform DH5α bacteria. The transformants
were plated on LB-agar plates and then individual clones were selected for sequencing. DNA
was extracted using the GenElute™ Five-Minute Miniprep Kit.
Kinase Assays
From the immunoprecipitation reaction, 2X kinase buffer was added to resuspend the
beads. The kinase reaction buffer contained 10 μCi/μl, *32P]-ATP, 25 mM Hepes pH 7.2, 10 mM
MgCl2, 10 mM MnCl2, 10 μl aprotinin, 10 μl leupeptin, 5 mM P-NO-phenol phosphate, and 40
mM β-glycero-phosphate. For substrate-containing tubes, 5 μg of MBP was added and samples
were incubated for 30 minutes at 37°C. The reaction was stopped by putting the tubes on ice.
5X sample buffer and β-mercaptoethanol were added. Samples were boiled, and then reactions
were separated by SDS-PAGE and transferred to PVDF membranes. The membranes were
washed several times with TBS. For autoradiography, membranes were exposed to radiographic
film (Kodak MS film) overnight, or shorter if necessary. For western blot analysis, the membrane
was exposed to Kodak Biomax-light film for 10 minutes as a control. The membrane was then
43

blocked with milk and probed with α-TSSK, α-myc, or α-FLAG (DDK) antibody. Membranes were
developed with ECL plus and exposed for <10 minutes to avoid signal from [32P]-ATP.
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Figure 10. The pEntry, or pCMV6 vector. There is a Myc/DDK (FLAG) tag on the C-terminal
region of TSSK.
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Figure 11. Schematic TSSK1 and TSSK2 kinase assay. TSSK was combined with MBP and radiolabeled ATP. If a substrate, either MBP or itself, of TSSK is present, the radio-labeled ATP will be
transferred.
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Figure 12. Western blot of TSSK1 and TSSK2 from protein lysates using α-FLAG.
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Figure 13. α-TSSK1 western blot and immunoprecipitation using protein lysates.
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Figure 14. Sequence composition and features of TSSK1 and TSSK2. A) TSSK1 is a 2436 base
pair (bp), 367 amino acid long protein that shows about a 41.1 kDa band when expressed in
pCMV6. TSSK2 is shorter at 1814 base pairs and 358 amino acids long. It is slightly smaller when
expressed in pCMV6, showing a band that is about 40.8 kDa in size. pCMV6 itself is a 4929 bp
plasmid that shows a band at about 31.56 kDa. The mutagenesis sites are at the same residues
for both TSSK1 and TSSK2. B) Sequence alignment of mouse and human Tssk1, Tssk2, Tssk3,
Tssk4, and Tssk6 and the two regions mutagenized.
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Table 4. TSSK1 and TSSK2 mutagenesis primers. Bases changed from original sequence are
shown in lowercase.

LBMF5
LBMR5
LBMF6
LBMR6

TSSK1 Mutants
CAAGGTCTACATCGTCgcGGAGCTCGCGGTCC
GGACCGCGAGCTCCgcGACGATGTAGACCTTG
CAAGGTCTACATCGTCggGGAGCTCGCGGTCC
GGACCGCGAGCTCCccGACGATGTAGACCTTG

Mutation
M90A

LBMF7
LBMR7

GTTCAATGTGGCGATCAtGATCATCGACCGCAAG
CTTGCGGTCGATGATCaTGATCGCCACATTGAAC

K41M

Kinase Dead

LBMF12
LBMR12
LBMF13
LBMR13

TSSK2 Mutants
CGGATCTACATCATCgcGGAGCTTGGCGTCCAG
CTGGACGCCAAGCTCCgcGATGATGTAGATCCG
CGGATCTACATCATCggGGAGCTTGGCGTCCAG
CTGGACGCCAAGCTCCccGATGATGTAGATCCG

M90A

Inhibitor site

LBMF14
LBMR14

GTTCAATGTGGCTGTCAtGATCATCGACCGCAAG
CTTGCGGTCGATGATCaTGACAGCCACATTGAAC
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Affects
Inhibitor site

M90G

M90G

K41M

Kinase Dead

Figure 15. Immunoprecipitation and western blot of protein lysates using anti-TSSK2.
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Figure 16. TSSK1 Kinase assay. The top panel is shows an autoradiography of the kinase assay,
and the bottom two panels are western blots using anti-FLAG. IgG is shown as a loading control.
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CHAPTER 5
DISCUSSION
Intracellular signaling networks rely on phosphorylation by protein kinases. They are
involved in the transduction of extracellular signals, intracellular transport, and cell cycle
progression. The first member of the Tssk family was discovered in 1994 (Bielke et al. 1994)
from a screen to determine novel kinases that showed testis-specific expression. This screen
used degenerate oligonucleotide primers to target two highly conserved motifs within the
protein kinase catalytic domain. Since then, several more members have been identified and
have similar testis-specific expression.
Because the Tssks have testis- and sperm-specific expression, it makes them an ideal
target for the development of male and female contraceptives. Many contraceptives currently
on the market are for females and regulate ovulation through hormonal regulation. Since they
are hormone based, many people cannot take these because of either depression, increased
cancer risk, and weight gain, so developing a new type of contraceptive pill is necessary.
Developing alternative options which are cheaper for people in developing countries is essential
for controlling overpopulation. There are no male pill options for contraception, but there are
two in development. One is a drug based on a schizophrenia medication that causes the
epididymis to constrict and not allow sperm to mix with seminal fluids; however this pill has
many side effects (Amobi et al. 2003). The second one uses a drug, Adjudin, to target the
function of Sertoli cells and breaks their bridges with developing spermatids so they remain
immature. Like many female contraceptives, this needs to be linked with a hormone to have
any efficacy (Cheng et al. 2005). Even though this appears to be reversible, the Tssks are
expressed post-meoitically and thus would not interfere with gamete production, making them
a better candidate.
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Tssk1, Tssk2, and Tssk6 in particular currently show great promise for becoming
contraceptive targets. Several criteria need to be met when selecting a target. The target needs
to have functional relevance and have a specific expression pattern. The activity of the target
must allow for rational design of inhibitors, and the inhibition should not have secondary
effects.
Some of these criteria have already been met, while others are still being determined.
As the name suggests, the Tssks show testis-specific expression, which has been confirmed at
several levels. The Tssk family has shown testis-specific expression by Northern blot analysis
(Kueng et al. 2007, Visconti et al. 2001, Spiridinov et al. 2005). Low expression in other tissues
was detected in humans through quantitative RT-PCR analysis, although there was almost no
expression in mouse tissues other than testis (Hao et al. 2004, Li et al. 2010). Further analysis of
mouse testis showed post-meiotic expression, both at the mRNA level through qRT-PCR and
protein level through western blot and immunohistochemistry (Li et al. 2010). These results
show that the presence of Tssks appears at about 3.5 weeks in developing mice, after meiosis
has happened and the round spermatids are present. Furthermore, western blot analysis
showed that these kinases, except Tssk3, was present in mature sperm and condensed
spermatids (Li et al. 2010). These kinases show up in different parts of the sperm, suggesting
they have different functions. The post-meiotic expression suggests the role of these kinases in
spermiogenesis, the process leading to mature sperm, however it is also possible that these
could be involved in the sperm’s ability to fertilize the oocyte. Interestingly, Tssk3 mRNA is
detected similarly with the other Tssks, but the protein has yet to be detected in the testis and
sperm. This could be due to low levels of the protein that are undetectable by western analysis.
We wanted to determine how these kinases had such testis-specific expression. We
decided to look at differential tissue DNA methylation. Tssk1, Tssk2, and Tssk6 are unique
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because they are intronless genes in both mice and humans. This is probably due to
retrotransposition, where it was inserted into the genome or translocated in the genome (Shang
et al. 2007; Kaneko-Ishino and Ishino 2010; Zamudio and Bourc’his 2010). Because differential
methylation at CpG dinucleotides is about eight times higher in the testis and sperm than other
somatic tissues (Trasler 2009), we hypothesized that the high specificity of these genes was due
to differential DNA methylation between tissues, most likely in the 5’ UTR. The promoter region
in the 5’ UTR should be methylated in tissues other than the testis and sperm, while sperm
should show hypomethylation. The testis would show a combination of hypo- and
hypermethylated strands due to the combination of somatic and germ line cells present. We
found that this was not the case with Tssk1 and Tssk2, as all tissues were hypermethylated. This
is unique because CpG islands tend to be hypomethylated. Upon further analysis, it was found
that the CpG coverage of these two genes was similar with intermediate CpG promoters (ICP),
which tend to be methylated, as are CpGs not part of CpG islands. Tssk6 showed a different
pattern of methylation, probably because there are more CpG dinucleotides in the CpG island
and thus it falls under the category of high CpG promoters (HCP) (Weber et al. 2007). This result
was more predictable, as it is generally known that CpG islands are hypomethylated.
Interestingly, there is one CpG site just before the ORF that suggests differential methylation.
Further analysis of this site needs to be done to confirm this observation. This could be a site
where a transcription factor binds, and is responsible for the tissue-specific expression.
Alternatively, if this observation is an artifact of the sequencing, we can then look at chromatin
modifications because hypomethylation is associated with elevated levels of H3K4, thus
transcriptionally active chromatin.
Testis-specific expression is important for determining a good contraception target.
First, the testis is the first organ where sperm develop. We found not only that these genes
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were present in sperm, but also that they were post-meiotically expressed (Li et al. 2010). This
is important because it makes them a good target of reversible contraception since inhibitors
would not affect spermatogonia or spermatocytes. Second, since the expression is specific for
the testis, inhibition should not affect their performance in other tissues. Many proteins are
expressed in several tissues or areas, so inhibition could have secondary effects. Because there
is very little, if any, expression in tissues other than the testis, there should not be concern for
function of these genes elsewhere.
One of the most powerful ways to determine function of a gene is through generation of
knock-out mice. To determine the necessity of these genes in spermatogenesis or sperm
function, two knock-out mouse models were generated; a double knock-out for Tssk1 and Tssk2
together (Shang et al. 2007, 2010; Xu et al. 2008), as well as Tssk6 (Spiridinov et al. 2005). The
double knock-out of Tssk1 and Tssk2 was generated due to the close proximity of these two
genes in mice; within about 3kb of each other. Unfortunately, this does not tell us if one or a
combination of both is needed to see this phenotype. Two groups published contractictory
findings on the Tssk1/Tssk2 double knock-out. Xu et al. showed that these mice were infertile
due to haploinsufficiency. The male chimeras developed had sperm with the mutant alleles, but
this was not transmitted to their offspring. Morphological defects were detected in the sperm.
Contrary to this, Shang et al. (2007) showed that their knock-out mice showed male sterility. It
was found that in these mice, the number and motility of epididymal sperm was greatly
reduced, even compared with heterozygous males. Females were unaffected. This group later
showed that there is a loss of the chromatoid body in spermatids of these knock-out mice, and
suggests it is important for the cytodifferentiation of spermatids. They concluded that Tssk1
and Tssk2 are important in the transformation of the chromatoid bodies in round spermatids.
Regardless of the controversy, both models show an essential role of these two kinases in
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reproduction. In Tssk6 knock-out mice, sperm was found to have many morphological defects.
It has been suggested these defects result from abnormal chromatin condensation. Along with
the morphological defects, the sperm also showed defects in actin polymerization and inability
to fuse with the zona pellucid (Sosnik et al. 2009).
In determining the functional relevance of these kinases, we decided to first implement
an in vivo system that would allow us to express both wild-type and mutant Tssks. We used
293T cells to express Tssk1 and Tssk2 in vitro. The vector we used had Myc and FLAG tags that
allowed us to easily isolate our constructs through immunoprecipitation and detect through
western blot. We designed and created mutants that would let us determine the ATP binding
pocket and created a site where the highly potent synthetic inhibitor NM-PP1 could bind and
inhibit function of the mutated form. This would allow us to selectively turn on/off function of
our kinases. Although these mutants have been made, their expression and functionality need
to be tested. By generating these and other mutants, we can determine what sites are
necessary for the kinase’s function. We could then use this knowledge to narrow down the field
of inhibitors for high-throughput screens (HTS). Once inhibitors are found, they become
candidates for targeting these genes for contraception. We would then need to determine any
cross-reaction both with other genes and in other tissues.
Learning about how these kinases function has implications in several fields of study.
Understanding the substrates and upstream activators will allow us to determine the pathway
the Tssks are involved in. This broadens our understanding of sperm maturation, particularly
the last stage where little is known. Their testis-specific expression as kinases is unique and thus
makes it a valuable target for inhibitors for contraception uses. Also, understanding the Tssks’
role in sperm development has implications in the infertility field and could lend itself to
development of infertility treatments. Finally, through looking at how these kinases evolved, we
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gain an understanding of both organismal development. We can look at their conserved
expression in testis from invertebrates through mammals, and we can also look within the
Mammalia class. First is the evolution of intronless Tssk genes, particularly in more evolved
mammals. Secondly, there is the retrotranspositional event in humans, chimps, and macaques
where a Tssk1 pseudogene remnant is left next to Tssk2. This is interesting because in mice and
other mammals that have both Tssk1 and Tssk2, they are located next to each other on the
same chromosome. Mice have these two genes within about 3kb of each other and both genes
are intronless, suggesting their location came through retrotransposition. Then, in humans and
some non-human primates, it appears that another retrotransposition occurred translocating
the gene to a different chromosome, but leaving a pseudogene remnant. This implies how
important these genes are for sperm maturation; because they remain expressed through two
retrotranspositional events.
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